thought to be responsible for providing the NADH required for the reduction of hydroxypyruvate to glycerate through the shuttle (Fig. 1 ). Similar malate shuttles have been shown to operate in chloroplasts and mitochondria (6, 7).
not supply NADH to the peroxisomal matrix. First, analysis of coupled malate dehydrogenase and glutamate-oxaloacetate transaminase activities in the directions required for intraperoxisomal NADH generation indicated that the peroxisomal enzyme activities were insufficient to account for necessary rates of photorespiratory carbon flux. Second, although the peroxisomal isozyme of malate dehydrogenase comprised a substantial portion (40%) of total cellular activity, less than 7% of the cellular glutamate-oxaloacetate transmaminase activity was associated with the peroxisomes. Third, a peroxisomal extract was able to reduce added NAD only slowly upon addition of malate and glutamate. The rate of NAD reduction was greatly enhanced in the presence of exogenously added glutamateoxaloacetate transaminase. Finally, intact peroxisomes were unable to reduce hydroxypyruvate to glycerate when supplied with malate and glutamate in the absence of exogenously added pyridine nucleotides, although they readily reduced hydroxypyruvate when exogenous pyridine nucleotides were supplied. Three alternative mechanisms, which are in agreement with observed data and which could serve to supply the reducing power to the peroxisomal matrix, are discussed.
thought to be responsible for providing the NADH required for the reduction of hydroxypyruvate to glycerate through the shuttle (Fig. 1 ). Similar malate shuttles have been shown to operate in chloroplasts and mitochondria (6, 7) .
In attempting to evaluate critically the ability of the proposed malate/aspartate shuttle ( Fig. 1 ) to provide reducing power to the peroxisomal matrix to drive hydroxypyruvate reduction to glycerate, several points were considered. First, the enzymes of the proposed shuttle should be present in sufficient activity (in the direction required for the shuttle to function) to account for the necessary flux through the photorespiratory pathway. Second, inasmuch as the photorespiratory pathway is one of the major pathways of metabolism in an illuminated leaf, the peroxisomal isozymes of MDH and GOT involved in the shuttle may (but not must) comprise a significant portion of the total cellular activity of these two enzymes. Third, peroxisomal extracts should be able to reduce exogenous NAD after addition of malate or malate plus glutamate and oxidize the NADH thus formed upon addition of hydroxypyruvate. Finally, the shuttle should function in intact peroxisomes without addition of exogenous pyridine nucleotides, since only endogenous peroxisomal pyridine nucleotides are required ( Fig. 1) .
MATERIALS AND METHODS
A number of recent studies, notably the work of Somerville and Ogren (18) utilizing a series of photorespiratory mutants, have suggested that once carbon is committed to the photorespiratory pathway, it must be recycled back into photosynthetic pools to allow sustained operation of the Calvin cycle. One of the key steps in recycling occurs in the peroxisome, where hydroxypyruvate is reduced to glycerate. Glycerate can then be phosphorylated to 3-P-glycerate in the chloroplast (17) .
Peroxisomes contain a very active HPR3 (25) . They also contain isozymes of MDH and GOT (9, 15, 25, 26) Intact leaf peroxisomes from rye (Secale cereale, unstated variety) and wheat ( Triticum aestivum, var 'Argee') were prepared as described earlier (16), using unpurified Percoll followed by gel filtration of the peroxisomal preparation on Sepharose 2B, or using purified Percoll without the subsequent gel filtration step.
Broken peroxisomes from rye leaves were prepared from a Chlfree protoplast extract (16) Chl was determined in the protoplast extract in 96% ethanol using the constants of Wintermans and DeMots (21) . Enzyme activities were determined as in Schmitt and Edwards (16) , with the exception of glutamate-OAA transaminase (aspartate plus oxoglutarate to OAA plus glutamate), which was assayed after Huang et al. (9) . All assays were conducted at 30°C and contained 0.1% Triton X-100 to ensure complete extraction of enzyme activities. Activities (17) .
IR gas analysis of CO2 exchange in intact rye leaves was determined as in Monson et al. (13) .
RESULTS
Rye seedlings used in this study photosynthesize at a rate of 210 and 162 /smol.mg Chl-l'h-1 at 300C, 330 ,ul. 1-1 CO2, 1000 sE inm-1 .s-(400-700 nm), and 2% or 21% 02, respectively. The difference of 48 ,umol mg Chl-h-1 between photorespiratory and nonphotorespiratory conditions corresponds to a flux of carbon in the photorespiratory pathway from serine to glycerate of 16 Anol-mg Chl-1 -h-, assuming that one-third of the total 02 inhibition of photosynthesis is due to photorespiratory release of CO2 through glycine decarboxylation and two-thirds is due to competitive inhibition of RuBP carboxylase-oxygenase (11) . Another measure of photorespiratory capacity in rye (glycine decarboxylation by rye protoplasts) yielded an estimate of 7 ,umol.-mg Chl-1 h-for photorespiratory carbon flux (R.K. Monson and G.
E. Edwards, unpublished data). These estimates are in the same range as those made earlier for spinach (22) and wheat (20) but are somewhat lower than those reported for several other s1pecies (23) . Hence, we have used 7 to 16 ,tmol-mg Chl'. h-as a minimal estimate of the required carbon flux through this portion of the photorespiratory pathway in rye. Isolated rye peroxisomes contain activity of the three enzymes (HPR, MDH, and GOT) required for the proposed malate/aspartate shuttle of reducing equivalents (Table I ). The activity of HPR ranged from 524 to 807 jumol -mg Chl-'. h-, depending on assay pH, which is well in excess of the 7 to 16 ,umol-mg Chl-'h-' required to satisfy the needs of the glycolate pathway.
The reaction catalyzed by MDH is reversible and can be measured either by following NADH oxidation (OAA-to-malate) or by NAD reduction (malate-to-OAA). The reaction is strongly favored thermodynamically and most commonly measured in the OAA-to-malate direction. Rye peroxisomes contain MDH activity in the direction of OAA reduction (1500-2430 umol -mg Chl-' h-1) in approximately 100-fold excess of the photorespiratory carbon flux. However, for the malate/aspartate shuttle to provide reducing eqivalents to drive hydroxypyruvate reduction to glycerate, peroxisomal MDH must function in the unfavored malate-to-OAA direction. Rates of MDH activity in this direction (2.6-86.1 pmol-mg Chl-l'h-1) are substantially lower and dependent on assay pH, pyridine nucleotide concentration (Table I) , malate concentration (not shown), and activity of GOT present in the assay (Fig. 2) . Maximal rates of MDH activity were measurable only if endogenous (peroxisomal) GOT was supplemented by (Table III) . When NAD was added to the H was assayed in the favored direction (OAA to malate). GOT was incubation medium and the peroxisomes were supplied with malas aspartate plus oxoglutarate-dependent activity coupled to MDH ate as a source of reductant, much lower, but still significant, Lere was high background rates in the crude extract when assayed glycerate was formed. Slightly more glycerate was formed upon direction required for shuttle generation of NADH. Activities of addition of 10 mm glutamate to the incubation medium. Substanomal isozymes of MDH and GOT were related to protoplast extract tially greater glycerate was formed if exogenous GOT was added in Table I Table I were measured in the presence of 3 units of There were four considerations in evaluating the previously lous GOT and 10 mm glutamate. Malate-to-OAA MDH proposed function of the malate/aspartate shuttle described in ies therefore are only adequate to account for photorespir- Figure 1 . First, the enzymes involved in the shuttle should be of flow provided the OAA formed from malate oxidation is sufficient activity in the direction of the shuttle to be able to ed by addition of glutamate and GOT.
account for the measured rates of in vivo photorespiratory metabig a high, nonphysiological concentration of OAA (1 mM), olism. Activities of MDH are sufficient to account for photoresactivity (6.2-17.0,umol-mg Chl' h-') was only marginally piratory flow only if a strong sink is provided for removal of ent to account for photorespiratory carbon flux (Table I) . OAA. Peroxisomal activities of GOT are low (9, 15) , and as shown ver, as low as 50 uM OAA completely inhibited malate-to-in this study, marginally correspond to rates of photorespiratory MDH activity (data not shown). At 10 ,UM OAA, GOT carbon metabolism only when high concentration (e.g. 1 mM) of y was only 0.9 to 1.7 ,tmol.mg Chl-'.h-1, or only 6 to 17% OAA are used in the assay. Thus, the optimal conditions for assay required to sustain the in vivo photorespiratory carbon flow of each enzyme separately (low OAA for MDH, high OAA for ,erine to glycerate. GOT generating reducing power through conversion of malate to aspartate within the peroxisome.
The second yardstick (proportion of total cellular activity allocated to the peroxisomal isozymes) also points to a deficiency in enzyme activity (Table II) . Less than 10%o of all GOT activity within a leaf cell is found in the peroxisome (Table II These sorts of experiments (using coupled enzymic reactions within broken microbodies) give some indication of the feasibility of shuttles. However, they must be interpreted with caution since in both peroxisomes (Fig. 1) and glyoxysomes (Fig. 7 in Ref. 12) the shuttles, as currently envisioned, should be demonstrable in intact organelles using only endogenous pyridine nucleotides.
The fourth and most critical test of the proposed peroxisomal shuttle can be made using intact peroxisomes, by measuring end product (glycerate) formation from hydroxypyruvate upon addition of different sources of reductant. This allows a distinction to be made between true shuttle functioning in peroxisomes and activity of solubilized enzymes from broken peroxisomes.
As indicated in Table III Figure 1 , was a significant mechanism for hydroxypyruvate reduction in vivo. The fact that no glycerate formation in the absence of exogenous NAD(H) was ever observed, considered with the ready conversion of hydroxypyruvate to glycerate in the presence of extraperoxisomal NAD(H), and low activities of enzymes required for shuttle function, forces a reevaluation of the means by which reducing power to drive hydroxypyruvate reduction is supplied within the peroxisome. Schemes illustrating three possible mechanisms are shown in Figure 3 .
The first two hypotheses (Fig. 3, A and B) regarding the manner in which NADH is supplied to the peroxisomal matrix would involve movement of pyridine nucleotides across the peroxisomal membrane. The first alternative (Fig. 3A) postulates direct entry of NADH (and release of NAD) sufficient to meet a 1:1 stoichiometry between NADH entry into the peroxisome and hydroxypyruvate reduction. No involvement of peroxisomal MDH or GOT to generate NADH within the peroxisome is needed. Reducing equivalents, shuttled into the cytoplasm from the chloroplast via the phosphate shuttle or from either the chloroplast or mitochondrion via a malate/aspartate shuttle on dicarboxylate transporters (6, 7) , would ent* the peroxisome directly as NADH and be used in hydroxypyruvate reduction. The resulting NAD would return to the cytoplasm for subsequent reduction. NAD(H) movement across the peroxisomal membrane would be either by diffusion or a carrier-mediated exchange.
A second mechanism (Fig. 3B ) could involve entry of pyridine nucleotide into the peroxisome by unspecified means in catalytic rather than stoichiometric amounts. Uptake of NAD(H) would serve only to raise the pyridine nucleotide concentration within the peroxisomal matrix. Raising the intraperoxisomal pyridine nucleotide level would tend to increase the malate-to-OAA MDH capacity (Table I) , perhaps to a level adequate to meet photorespiratory demands provided a sufficient means of OAA consumption exists. This scheme does not specify whether OAA would be converted to aspartate in the peroxisomal or extraperoxisomal compartment. The data presented in Table III show that in the presence of NAD, malate, and glutamate, isolated intact peroxisomes were able to reduce hydroxypyruvate to glycerate using peroxisomal MDH and GOT, although to a much lesser extent involvement of peroxisomal isozymes of MDH and GOT in than when exogenous GOT (analogous to cytoplasmic GOT in peroxisomal metabolism, thus providing a role for the 40%o of vivo) was provided. cellular MDH activity found in the peroxisome. An alternative One of the attractive aspects of this second scheme is the explanation for the presence of these enzymes in the peroxisome might be that MDH (in the highly favored OAA-to-malate direction) and GOT are involved in removing reducing equivalents from the peroxisome during the process of serine synthesis from glycerate, which is thought to proceed in the peroxisome at night (19) .
Traditional arguments against direct entry of pyridine nucleotides into peroxisomes are 2-fold. The first was by analogy with chloroplastic and mitochondrial membranes which have been shown to be more or less impermeable to pyridine nucleotides (6, 7) . However, there are several dissimilarities between the limiting membranes of chloroplasts and mitochondria and the peroxisomal membrane, including gross morphology (single versus double membranes), mechanical stability (ability to withstand pelleting and resuspension) and osmotic selectivity. The second argument against direct permeation of NADH was based on the observation of latency of NADH-linked enzyme activities in microbody preparations. Several groups, including Donaldson et al. (5) and Schmitt and Edwards (16) , have reported stimulation of NADHlinked enzyme activities upon disruption of organellar integrity by detergent or salt treatments. The usual interpretation of this latency is that the microbody membranes were impermeable to at least one of the substrates of the reaction. However, as previously noted (16), the lower enzyme activity observed prior to addition of disruptive agent could be due either to activity shown by solubilized enzymes, to low permeancy of the assay substrates into the intact organelle, or to a combination of both factors. The activity of hydroxypyruvate reductase prior to solubilization of the peroxisomal membrane generally ranged from 6 to 30%o of the activity measurable after membrane disruption (data not shown). However, only about 1 to 2% of the total activity of the enzyme (i.e. of activity in Table I ) would be sufficient to sustain the photorespiratory carbon flow seen under atmospheric levels of CO2 and 02. There are several observations which may argue for some limited permeancy of photorespiratory substrates including NADH. Sucrose, which is essentially impermeant into chloroplasts and mitochondria, is thought to be permeant into peroxisomes (2) . Perhaps more telling is the observation by Mettler and Beevers (12) that uptake of[4C]NAD into castor bean endosperm glyoxysomes (as determined by silicone oil centrifugation techniques) was roughly comparable to that observed for aspartate, glutamate, and sorbitol. In a further experiment, Mettler and Beevers showed that uptake of aspartate waslinear with external aspartate concentrations (up to 10 mM) indicating entry of aspartate into the glyoxysome was by diffusion alone. The authors speculated that the unusual inability to see carrier-mediated uptake of aspartate may have been due to damage of the glyoxysomal membrane, but also felt that diffusion across the membrane could account for the in vivo shuttle activity. No comment was made on the possibility that NAD might traverse the glyoxysomal membrane directly. Carrier-mediated uptake of NAD into mitochondria isolated from potato tuber and etiolated mung bean hypocotyl has been demonstrated by Neuberger and Douce (14) . Although of low activity (2 nmol mg mitochondrial protein-'. min-', about 1% of the rate of mitochondrial activity), the transport obeyed Michaelis-Menten kinetics with a Km of 0.30 mm NAD.
While the level of NAD in the isolated peroxisome may be limited, there is evidence that isolated microbodies, peroxisomes (3) and glyoxysomes (12) , retain pyridine nucleotides. Due to the mechanical fragility of peroxisomes, it has not been possible to artificially increase the peroxisomal NAD content (by incubation in high NAD) and then rapidly remove the extraperoxisomal NAD (by pelleting and resuspension) and assay for shuttle function. Similar treatments (incubation of mitochondria in NAD followed by repeated washing to remove extemal NAD) were reported by Neuberger and Douce (14) to result in mitochondria which showed greater rates ofmalate metabolism than untreated mitochondria. We attempted to raise intraperoxisomal NAD concentrations by including 5 mm NAD in the protoplast purification and rupture, as well as peroxisome isolation media, prior to removal of extraperoxisomal NAD (as was necessary for assay of shuttle function) by gel fitration of the peroxisomal preparation on Sepharose 2B. The resulting peroxisomes required addition of NAD to the assay medium to reduce hydroxypyruvate to glycerate as had all other treatments (data not shown). It is uncertain whether peroxisomes with an increased pyridine nucleotide pool were not capable of shuttle activity or whether peroxisomal pyridine nucleotide pools declined after removal of external NAD.
The third scheme (Fig. 3C) would involve a transfer of reducing potential across the peroxisomal membrane without actual movement of metabolites into or out of the peroxisome. Rather, an as yet unidentified electron transfer agent in the peroxisomal membrane, capable of being reduced by cytoplasmic NADH, might transfer the reducing power across the peroxisomal membrane and reduce intraperoxisomal NAD. A transmembrane transhydrogenase capable of transferring reducing equivalents across the mitochondrial inner membrane into the matrix has been isolated form Ascaris muscle and partially characterized (10) . Day and Wiskich (1) have postulated a transmembrane transhydrogenase in the inner membrane of cauliflower mitochondria, thought to be involved in transfer of reductant from matrix NADH across the inner membrane to NAD in the intermembrane space. Although a transperoxisomal membrane transhydrogenase has not been described, Donaldson and coworkers (4, 5, 8) have described a number of components of peroxisomal and glyoxysomal membranes which are capable of reductant transfer, including Cyt b5, Cyt b5 reductase, and Cyt P420. The membranes also exhibited NADH:Cyt c reductase and NADH:ferricyanide reductase enzymic activities. Further, the microbody membranes were shown to be quite rich in both peripheral and intrinsic flavin compounds. Thus, it is possible that a series of flavoprotein or other components of the peroxisomal membrane might in some way be responsible for transfer of reducing equivalents into the peroxisome. Of course, much further characterization of the peroxisomal membrane will be required before the validity of this potential mechanism can be verified or refuted.
In conclusion, the data presented above argue rather strongly against a peroxisomal malate/aspartate shuttle system as envisioned in Figure 1 . While none of the alternative systems proposed in Figure 3 has been shown conclusively to function, their features are consistent with the current information on peroxisomes. Additional studies with intact peroxisomes will be required to further elucidate the mechanism by which reductant is provided to the peroxisomal matrix.
